A direct experimental comparison of the Tipula iridescent virus and the Sericesthis iridescent virus has shown them to be very similar but not identical. After extensive purification the viruses were differentiated by electrophoretic mobility, tryptic peptide patterns, serological cross-reactivity, and pathogenicity in a group of host insects. The viruses were identical in gross chemical composition and in a number of physical properties. A particle weight of i-z to I'3 x io 9 daltons was calculated by three methods. A slower sedimenting top component consisting of empty protein shells was found during the purification of each virus; similar empty shells could be produced by succinylation or formic acid-diphenylamine treatment of whole virus.
INTRODUCTION
The Tipula iridescent virus, initially isolated from a larva of the common leatherjacket Tipula paludosa (Xeros, I954) , has been the subject of many studies involving a variety of approaches (see Smith, I963). The virus is easily identified by the characteristic iridescent blue colour apparent in diseased insects or, more strikingly, in purified virus suspensions or pellets. Steinhaus & Leutenegger (t963) postulated a probable close relationship between the Tipula virus and a similarly iridescent virus discovered in Australia infecting a larva of Sericesthis pruinosa. Workers in Australia have since reported on the multiplication of the Sericesthis iridescent virus in cell cultures (Bellett & Mercer, I964; Bellett, I965) , physical and chemical properties of the virus (Day & Mercer, I964) , virus and viral crystal structures (Mercer & Day, I965) and the properties of the viral nucleic acid (Bellett & Inman, I967) . In all comparisons the similarity of the Sericesthis and Tipula iridescent viruses was apparent, although Day & Mercer 0964 ) did find the Sericesthis virus differed in a few respects from data reported for the Tipula iridescent virus. Unfortunately, no direct comparisons were generally possible, and a closer re-examination of the Tipula virus was suggested because of the large number of very similar properties. The similarity or possible identity of the two viruses may be questioned since the initial isolations of the Tipula and Sericesthis viruses were not only made in England and Australia respectively, but from insects of different orders: Tipula paludosa is a dipterid and Sericesthis pruinosa a coleopterid.
Virus purification
The same purification scheme was used with both the Tipula and Sericesthis viruses.
Several different insect hosts were employed in various experiments, but in general the viruses were prepared from infected larvae of Pieris brassicae.
Larvae were injected early in the final instar with o.oI ml. of a solution containing about o.I mg./ml, of the appropriate virus and 2oo unitsJml, of benzyl penicillin and of streptomycin sulphate (Glaxo Ltd). When dead or dying of the disease, usually about 2 weeks after infection, the insects were crushed in an approximately equal volume of 0"05 M-phosphate buffer, pH 7"0. Crude virus was prepared by three cycles of differential centrifugation at room temperature, in which treatments of 5 min. at Iooo g and 40 min. at I7,5oo g were alternated. Pellets from the high-speed runs were dispersed in phosphate buffer.
Five ml. portions of the crude preparation were layered on 4 ° ml. sucrose gradients (5 to 20 % sucrose) and centrifuged for 20 min. at I I,OOO rev./min, in a Sorvall fixedangle SS-34 rotor. The virus band, clearly seen near the centre of the gradient, was removed from above by pipette. Virus was sedimented by centrifugation at I7,5oo g for 4o min., dispersed in phosphate buffer, and zonal centrifugation in the fixed-angle rotor repeated twice. The final virus fraction was taken up in distilled water at a concentration of 2o to 3 ° mg./ml. One ml. portions of this preparation were layered on 25 ml. sucrose gradients (5 % to 2o %) containing 0.05 M-tris + acetic acid buffer (tris-acetate), pH 7"0, and centrifuged for I hr in the cold at I I,OOO rev./min, using a Spinco Model L centrifuge and SW-25. I swinging-bucket rotor. The bottom of each tube was then punctured and 0"5 ml. fractions collected, diluted appropriately, and the absorbence at 28o m# measured. Fractions near the peak of the virus band were pooled and zonal centrifugation repeated until only a single band was apparent in the absorbence plot: most preparations required two to four such cycles of centrifugation.
A slower sedimenting band of virus-like material, designated as top component, was seen in most preparations and purified using the same general techniques with centrifugation for I hr at I7,5oo g. A small iridescent pellet was often found at the bottom of a gradient, and returned to the stock of crude virus.
Physical characterization
Ultracentrifugation. Sedimentation velocity was measured in a Spinco Model E centrifuge equipped with schlieren and ultraviolet optical systems. Virus was dispersed in o.I M-NaC1, and sedimentation measured at 5563 rev./min. The data were corrected to conditions of zo ° and infinite dilution in water. Buoyant density was measured in caesium chloride solution at 25 ° after centrifugation at 44,77o rev./min, for at least I8 hr. A cell with a 4 mm. KeI-F centre section was used, and photographs made using the ultraviolet optical system. A Joyce-Loebl recording microdensitometer was used to trace the patterns, and the density corresponding to a given band position calculated according to the method of Trautman (I96O).
Diffusion. Diffusion coefficients were measured using an apparatus especially constructed for these experiments.
Viscosity was measured at 20 ° in a capillary viscometer. Virus was dispersed in o. I MNaC1 over a concentration range of 0. 4 to 95 mg./ml, for the measurements, and Electrophoretic mobility was determined using a Spinco Model H electrophoresis device equipped with a cell of 2 ml. capacity. The virus concentration was 2 or 5 mg./ ml. in phosphate buffer, # = o.I, prepared according to Miller & Golder 095o) . Electron photomicrographs were taken with a Siemens Elmiskop I. Samples were mounted on a carbon substrate and stained with 2 % phosphotungstic acid adjusted to pH 7-o with KOH.
Chemical procedures
Protein was determined by the method of Lowry et al. (I95I) and colour produced with virus related to that shown by bovine serum albumin for routine determinations.
Whole virus was oxidized with performic acid as described by Moore (1963) and the reaction mixture lyophilized. The residue was twice washed with water and suspended in o.x M-ammonium bicarbonate, pH 8-6. Trypsin (Worthington Biochemicals) was added to a concentration equivalent to 2 % of the virus protein, and the suspension incubated at 37 ° for 5 hr during which period the oxidized protein dissolved completely. The reaction mixture was lyophilized and re-dissolved in dilute ammonia at a concentration of about 5o mg./ml. Peptides were separated by electrophoresis on Whatman 3 MM paper using a pyridine acetate buffer (ioo ml. pyridine, 4 ml. acetic acid, and water to make I 1.). To locate the peptides the papers were dipped in o.2 % ninhydrin in acetone. Amino-acid analyseswere performed on 24 and 48 hr hydrolysates using a Beckman-Spinco automatic analyser according to Spackman, Stein & Moore 0958).
DNA was quantitatively determined by the method of Burton (I956), and base composition determined after hydrolysis in 98 % formic acid and paper chromatography with isopropanol + HC1 (Wyatt, 195 I) . Phosphate was measured as described by Ames & Dubin (196o) . The procedure for the extraction and measurement of polyamines was described by Johnson & Markham 0962) . Removal of lipids was accomplished by repeated extractions with ethanol + ether (I:1).
The procedure for the succinylation of viruses was described by Frist et aL (1965) .
It was sometimes done at room temperature; at other times the pH was maintained by the addition of Na3PO4. Salts were removed by dialysis.
Biological methods
Assay of both Tipula and Sericesthis viruses was based upon measurement of the quantity of virus needed to cause infection in larvae of Pieris brassicae, or in other hosts used as comparisons. Tenfold serial dilutions of virus preparations were made in a solution containing 2o0 units/ml, of benzyl penicillin and of streptomycin sulphate. Ten #1. portions were injected by micrometer syringe into individual insects which had just entered into the final instar of the larval stage. From 3o to 4o insects were generally treated with each dilution of virus, and the larvae observed regularly for signs of infection. If the pupae did not emerge but disease was not obvious, each individual was macerated in water and centrifuged, and the resulting pellet examined for signs of the characteristic blue layer seen in infection with either virus. Infective doses were calculated graphically using the technique of Brakke (I958).
Antibodies to each virus were induced by injection of virus produced in Pieris brassicae into sibling male rabbits according to the following schedule: 2 mg. followed in 2 days by 5 mg. virus injected intravenously, and 5 mg. virus injected intramuscularly with Freund's adjuvant on the 23rd and on the 25th days after the initial injection. Antigen and antibody were allowed to react as follows: i ml. of antiserum, appropriately diluted with oq4 % NaC1 solution, was mixed with an equal volume ofo-I mg./ ml. virus in NaC1 solution and incubated for 2 hr at 37 °. After visual inspection for precipitation the samples were centrifuged for IO min. at I5OO g and the supernatants decanted and saved. The precipitates were washed with I ml. of saline, centrifuged, and the washings discarded. The pellets were dissolved in 3 ml. of o-I M-NaOH and the optical density of each measured at 280 m#. Whole healthy insects were homogenized, centrifuged 5 rain. at 1500 g, and dilutions of the supernatant used as control antigens.
In the determination of equivalence points, the supernatants from the first centrifugation above were divided into two equal portions, and I ml. of antigen or of serum added to each. After 2 hr at 37 ° the samples were examined for precipitate. The equivalence point was taken as the dilution at which no precipitate was formed upon the addition of either more antigen or more antibody.
RESULTS

UltracentriJugation
Sedimentation of either virus in the analytical ultracentrifuge resulted in the formation of a single sharp boundary with S2oo,w = 2200. A mixture of the two viruses sedimented with an equally sharp boundary and showed no signs of separation. The top component (Markham, 1959) of each virus sedimented with a rather diffuse boundary indicative of considerable heterogeneity. A sedimentation coefficient of 14oo $20o.~, was calculated for each.
Equilibrium centrifugation in solutions of caesium chloride resulted in the formation of a single narrow band at a density of I'33 g./ml, whether the two viruses were examined singly or as a mixture. Virus not purified by extensive zonal centrifugation produced bands which were both broader and skewed toward lower density, although most of the light absorption was still at a point corresponding to a density of 1.33 g./ ml. Gradients containing top component of either virus showed a broad distribution of materials; usually about 5o % of the light absorption was centred at a density of 1.31 g./ml., with the remainder spread in lessening quantities toward greater density, approaching the density of intact virus.
Other physical measurements
The diffusion coefficient of each virus was determined to be o.I6 x io -7 cm.2/sec.
The data were obtained in the concentration range o.2 to 2 mg./ml.; very little concentration effect could be seen. The ultraviolet spectra of the viruses were indistinguishable from each other but clearly different from the spectra of the top components (Fig. I) . Electrophoretic mobilities were determined in phosphate buffers of pH 6-0 or 7"0 and ionic strength o.I (Table I) . Equal quantities of the viruses were mixed and an attempt made to separate them at pH 6-0. Because of the opacity of the virus solutions only a single boundary could be followed in each arm of the U-tube, but the descending boundary moved at the slower rate characteristic of the Sericesthis virus while the ascending boundary moved at the more rapid rate of the Tipula iridescent virus.
Accurate positioning of the electrophoretic boundary was also complicated by the opacity of virus preparations, even if observed at concentrations of only 2 mg./ml. The data of Table I are based on observations of the point of light extinction as seen at the base line in the schlieren optical system; this point may not have been identical to physical boundary mid-point, although good agreement of the mobilities observed in the two arms of the U-tube indicated that the observed and actual boundary positions were not greatly different.
Electron photomicrographs of the Tipula virus and its top component are shown in P1. 3, A, B. It was never possible to differentiate between the two viruses or between the two top components in any series of photomicrographs, although the viruses were seen to be clearly unlike their top components. The virus particles had an average diameter of I45o A, based upon measurement of the separation of particle centres.
Particle weights
We calculated particle weights using the data reported here. Sedimentation and diffusion results gave a value of 1.28 × io 9 daltons, and sedimentation and specific viscosity a value of I'I9 x io 9. A particle weight of 2-I6 x io -15 g., equivalent to 1.3o x IO 9 daltons, was calculated from partial specific volume results and particle diameters measured in electron photomicrographs. These values may be compared to the value of 1-22 × io 9 reported by Thomas (I96I) , who used a weighing procedure in combination with Tipula virus counting in the electron microscope. Weber, Kupke & Beams (I963) published a value of I-O5 x io 9 based on sedimentation equilibrium in a gravity cell; but they gave no details of the virus purification, which is of especial interest since contamination with motile bacteria could be expected to stir the solution at least slightly during the two or more weeks of the experiment, leading to a low estimate of particle weight. Day & Mercer 0964) calculated a weight of 2"7 × IO -15 g./paracle of Sericesthis virus, equivalent to a particle weight of 1.6 × Io 9. Their value was based on virus counts in the electron microscope and, as pointed out by Thomas 0960, is especially prone to errors due to contaminants which are weighed but not counted as virus, giving an overestimate of particle weight.
Chemical studies
In overall composition the two viruses were indistinguishable. Similarly, the top components could not be differentiated on the basis of gross composition, although they were clearly unlike the viruses ( Table 2 ). The base ratios of the nucleic acids isolated from both viruses were identical and in good agreement with those reported by Thomas (196 I) in a study of the Tipula virus: adenine = thymine = 35 ~/o; guanine = cytosine = I5 %. The amino acid composition of both viruses and their top components is given in Table 3 . Identical results were obtained when a sample of Sericesthis virus prepared in Australia in Galleria mellonella was compared to the two viruses prepared in this study from Pieris brassicae. The data indicate a great similarity in the composition of the viruses, and one exceptional difference in a single amino acid, arginine, when virus and top component are compared. Our results do not differ greatly from those of Kawase & Hukuhara (t967) for Tipula virus. Electrophoresis of the peptides resulting from tryptic digestion of viral proteins oxidized with performic acid produced the patterns shown in P1. 2. Similar but less well defined peptide patterns were obtained upon electrophoresis of digests of succinylated viral proteins.
The physical integrity of virus particles was examined after a number of treatments which might have been expected to result in the destruction or alteration of particle structure. The criteria of physical integrity included appearance in the electron microscope, the formation of an iridescent pellet upon centrifugation, and the conversion to a soluble form of either viral protein or nucleic acid. No alteration of the viruses was observed after extensive incubation with the enzymes pronase, trypsin, papain, and pancreatic deoxyribonuclease. Prior extraction with ether did not alter this stability pattern, although some distortion of virus particles and a reduction in iridescence did result from the extraction. Lysine 4"5 4"6 4"5 4"3 Histidine I '6 I"7 1-6 1-4 Arginine 7"2 7"I 4"I 3'5 Aspartic acid IO.O io. 5 i i.t i 1.8 Threonine* 6"5 6-8 7"7 8-2 Serine* 9q IO-5 9"z 8"7 Glutamic acid 5"5 5"6 6.6 6"7 Proline 8.I 8-4 7"3 7"o Glycine 8-5 8.4 8'o 8" I Alanine 7"3 6"9 8"3 8q Half cystinel"
x.2 I'4 I'3 I'2 Valine 7"4 6.2 6"4 6"5 Methionine 2.o i-7 1.5 1"7 Isoleucine 5"6 5"6 5-8 6.1 Leucine 7"3 6"9 8.z 8"3 Tyrosine 4" I 4"o 3" 7 3" 9 Phenylalanine 4"2 3"8 4'9 4"6 * Threonine and serine have been corrected up 5 ~ and Io ~ respectively for losses during acid hydrolysis.
? Estimated as cysteic acid from performic oxidized protein.
Attempts were made to separate viral DNA and protein by phenol extraction; in these experiments the two viruses behaved identically. The nucleic acid remained associated with the protein and was found either as an iridescent pellet or dispersed throughout the phenol layer under all conditions of pH, temperature, or added salts tested. As the pH value of the medium was raised above Io, virus particles were seen to be distorted, but DNA and protein remained associated until at least pH I2. High temperatures also failed to dissociate the components unless the pH was also high. Substantial quantities of DNA were found in the aqueous layer only after extraction at ioo ° in pHI I to I2 buffer; this material appeared to be contaminated with protein.
Addition of M-KSCN or NaC1 did not alter the stability of the virus to phenol. Room temperature extraction of virus with chloroform + octanol or treatment with sodium dodecyl sulphate also failed to dissociate the nucleic acid, although the latter resulted in considerable protein denaturation as judged by the formation of a sticky virus pellet upon centrifugation.
The viruses appeared to become soluble at high pH values. Incubation in glycine + NaOH buffers caused a partial solubilization at pH I2, and complete conversion to material which did not sediment under the usual conditions as the pH was raised above I3. Addition of 7 M-urea to the buffers lowered the pH of apparent solubilization to IZ to 12"5. Partial denaturation of the virus was seen in the pH range 9"5 to IZ, as judged by the formation of a sticky and less iridescent pellet. Both viruses appeared to dissolve completely in 67 % formic acid containing 2 % diphenylamine and, after allowing 24 hr for completion of the reaction, the protein could be recovered by chromatography on Sephadex G-5o, G-Ioo or G-zoo, using a 67 % formic acid solvent. After dialysis to remove formic acid, electron microscopy of the protein preparation showed some amorphous material with a considerable quantity of virus-sized hollow spheres, very similar to the top component of PI. I. B. This product sedimented at IOOO S, a rate somewhat slower than that of the top component, and had an amino-acid composition like that of whole virus preparations. The ultraviolet absorption spectrum of the protein indicated little contamination by nucleic acid.
Succinylation of the viruses resulted in an almost immediate increase in the viscosity of the solution. At virus concentrations greater than a few mg./ml, the contents of the reaction vessel became a semi-solid mass after addition of a few portions of succinic anhydride. The components of the reaction mixture were analysed by sucrose density gradient centrifugafion (Fig. 2) . Sedimentation coefficients were approximated from the position of a Tipula virus marker in a separate gradient of the same centrifuge run. Spectral and chemical analysis indicated that the I3oo S material was mostly protein, while the other components contained both protein and nucleic acid. The I3oo S fraction was very similar to natural top component when viewed in the electron microscope, while the amino acid composition was indistinguishable from that of whole virus. DNA was extracted from succinylated virus using buffer-saturated phenol, but the yields were variable from preparation to preparation. Quantitative extraction of DNA was achieved by incubation of succinylated virus for I hr at 37 ° with 1% trypsin, followed by phenol extraction at room temperature. The DNA was identical to that of whole viruses in base analyses, had a sedimentation coefficient of 30 S (uncorrected), and was not infective in any assay attempted.
Serology
Qualitative and quantitative precipitin reactions showed consistent minor differences between the two viruses. Antiserum to Tipula virus always produced a visible homologous precipitate two dilution steps beyond the highest serum dilution precipitating with the Sericesthis virus. Similarly, antiserum to Sericesthis virus was more Sericesthis I x IO -~ 5 × Ios Tipula paludosa Tipula 5 x 10 -9 2500 Sericesthis > Io -~ > 5 x io 4 * As defined by Brakke (I958), the dilution infecting 63 % of the test insects. efficient in homologous than heterologous precipitation (Fig. 3) . All reactions were independent of the host from which the virus was isolated, and extracts of healthy insects did not produce a precipitate with either antiserum. When antiserum to Tipula virus was allowed to react with Sericesthis virus at their equivalence point further precipitation occurred if Tipula but not Sericesthis virus was added to the supernatant fluid, and vice versa. Succinylated viruses were active in the precipitin reaction, but with a far lower efficiency than untreated viruses. In addition differentiation of the viruses was less effective; sometimes homologous mixtures were only one dilution step more efficient in precipitation than heterologous virus and antiserum. 
DISCUSSION
The Tipula and Sericesthis iridescent viruses are dearly very similar and share a number of indistinguishable characteristics. It is apparent, however, that they are not identical, but can be differentiated on the basis of biological, chemical, and serological properties. The discoveries of iridescent viruses in Aedes sp. (Clark, Kellen & Lum, 1965; Weiser, 1965) and in Chilo suppressalis (Fukaya & Nasu, 1966 ) open further possibilities for comparative study of the iridescent insect viruses.
